SGI-1776 is a small molecule Pim kinase inhibitor that primarily targets c-Myc-driven transcription and cap-dependent translation in mantle cell lymphoma (MCL) cells. Bendamustine is an alkylating chemotherapeutic agent approved for use in B-cell lymphoma that is known to induce DNA damage and to initiate response to repair. We hypothesized that while each drug leads to the effects as stated above, combination of these drugs will enhance SGI-1776-induced inhibition of global transcription and translation processes, while promoting bendamustinetriggered decrease of DNA synthesis and DNA damage response in B-cell lymphoma. Both SGI-1776 and bendamustine as single agents effectively induced apoptosis and when used in combination, additive effect in cell killing was observed in MCL cell lines, JeKo-1 and Mino, as well as MCL and splenic marginal zone lymphoma (a type of B-cell lymphoma) primary cells. As expected, SGI-1776 was effective in inducing decrease of global RNA and protein synthesis, while bendamustine significantly inhibited DNA synthesis and generated DNA damage response. When used in combination, effects were intensified in DNA, RNA and protein syntheses compared to single agent treatments. Together, these data provided foundation and suggested feasibility of using Pim kinase inhibitor in combination with chemotherapeutic agents such as bendamustine in B-cell lymphoma.
Introduction
Proviral integration site for moloney murine leukemia virus (Pim) kinases are protooncogenes. There are three Pim kinase family members (Pim−1, −2 and −3) that are all Ser/ Thr/Tyr kinases with known function in regulating transcription, translation, survival and cell cycle processes. 1, 2 For instance, c-Myc, a transcription regulator is a known Pim kinase substrate, [3] [4] [5] as well as its co-activator, Histone H3. 6 Translation regulator 4E-BP1 phosphorylation by Pim kinases is associated with increased cap-dependent protein synthesis. 7 Meanwhile, phosphorylation of pro-apoptotic protein Bad is also mediated by Pim kinases. 8 In addition, phosphorylation of cell cycle-regulating phosphatases cdc25A/C and kinase inhibitors p21 and p27 by Pim kinases regulate cell cycle processes. [9] [10] [11] Several studies have established an increased expression of Pim kinases in hematological malignancies. 2, 12, 13 At transcript level, Pim kinases are known to be overexpressed in B-cell malignancies including mantle cell lymphoma (MCL) and chronic lymphocytic leukemia (CLL). 12, 14, 15 Pim-1 expression level is known to be associated with poor MCL patient outcome. 14 Immunoblot analyses in MCL cell lines and primary lymphoma cells and immunohistochemistry assays in paraffin-embedded tissues demonstrated expression of all three Pim kinases proteins. 16 Efforts have been devoted into developing Pim kinase inhibitors for clinical use, and SGI-1776, a potent and selective Pim kinase inhibitor, was the first one to enter the clinic. 12 Pre-clinical studies with SGI-1776 have shown cytotoxicity in myeloid leukemia and lymphoid B-cell diseases, including MCL and CLL. 12, 13, 16 In MCL, it has been demonstrated that besides inhibition of global RNA synthesis, and c-Myc-driven transcription, cap-dependent translation is impacted by SGI-1776. 16 Decrease of short-lived transcripts and proteins such as anti-apoptotic Mcl-1 was also measured, as a potential mechanism of cell killing. 16 However, single agent SGI-1776 therapy may have limited efficacy in these B-cell diseases, especially given that redundant pathways of Pim kinase are activated in B-cell lymphoma, and heterogeneous response was measured among cell lines and primary samples in MCL. 16, 17 Therefore, it may be advantageous to use SGI-1776 in combination with a broad-spectrum chemotherapeutic agent, to eliminate the effects by redundant pathways, while reducing the chance of developing chemoresistance in the clinic.
Bendamustine is an alkylating agent, with nitrogen mustard as an active component. 18, 19 Bendamustine functions primarily as an alkylating agent, inducing intra-and inter-strand DNA crosslinks, which lead to impaired DNA replication, repair and transcription processes in both quiescent and dividing cells. 18, 20 Meanwhile, traditional apoptosis pathways such as p53, Bad family protein (NOXA, Bax) and caspases are activated, causing mitotic catastrophe and cell death. 21 Importantly, bendamustine does not show cross-resistance with other conventional chemotherapeutic agents, making it desirable for combination use. 21 Bendamustine was first synthesized in the 1960s and was extensively used in Europe. 22 In the US, it was approved by the FDA in 2008 for use in treating CLL and non-Hodgkin's lymphoma, many of which are B-cell diseases. 20 Currently, clinical trials are ongoing using bendamustine in combination with rituximab-an FDA approved anti-CD20 for B-cell malignancies, to treat non-Hodgkin's lymphoma. 23 In B-cell lymphomas, such as MCL, high relapse rate was observed following conventional chemotherapeutic regimens such as R-CHOP. 24 So far, clinical trials using bendamustine in combination with rituximab have shown impressive results, and a phase III trial in follicular, indolent lymphoma and MCL showed a >90% overall survival rate, and >40% complete remission, indicating that bendamustine is an effective therapeutic agent in B-cell lymphoma. Importantly, this regimen was also well-tolerated by patients. 25 With the existing knowledge on both drugs, we hypothesize that combination of transcription and translation targeting SGI-1776 with DNA-damaging bendamustine will additively or synergistically disrupt oncogenic processes by introducing DNA damage, disrupting DNA synthesis and repair, while blocking transcription and translation processes which ultimately lead to cell death in B-cell lymphoma. We used established MCL cell lines and fresh B-cell lymphoma primary cells to examine the cellular response to such combination therapy approach, with respect to cell death, reduction of global DNA, RNA and protein synthesis levels as well as DNA damage. Our study provides the foundation and establishes the basic evaluation of the therapeutic approach using Pim kinase inhibitor in combination with bendamustine in B-cell lymphoma, which can lead to more in-depth study in the future.
Material and Methods

Cell lines
MCL cell lines JeKo-1 and Mino were obtained from Dr. Hesham Amin at MD Anderson Cancer Center. The cell lines have been characterized for molecular marker expression. 26 These cell lines are maintained in 10% and 20% fetal bovine serum in RPMI1640 media, respectively, as described previously. 16 The cells were authenticated and were routinely tested for Mycoplasm contamination, as described before. 16 
Primary B-cell lymphoma samples
Patient samples were obtained from Lymphoma tissue bank at MD Anderson Cancer Center, collected from patients who consented in the Declaration of Helsinki through the institution review board-approval protocols. Peripheral blood mononuclear cells (PBMCs) were isolated from leukemic phase blood as previously described, and cells maintained at 10 7 cells/mL concentration. 16 The PBMCs from MCL patient (age 57, male) contained 69% MCL cells, while percent malignant cells in PBMCs from SMZL patient (age 75, male) was unknown. The MCL sample contained 23.5 white blood count per μL blood, and 71% lymphocyte, 24% neutrophils and 2% monocytes while in the SMZL patient sample, these numbers were 63.4, 87%, 10% and 2%, respectively. These samples were not treated with growth factors.
Drugs
SGI-1776 was provided by SuperGen (now Tolero Pharmaceuticals, Inc., Salt Lake City, UT) in powder form and liquid stock was made and stored as previously described. 16 Bendamustine hydrochloride was purchased from Selleckchem, USA (Houston, TX) as powder, and was dissolved in DMSO to make a 30mM stock solution and stored in −80°C. Upon use, lower concentration aliquots were prepared (5 and 10mM) and stored at −20°C.
Apoptosis assay
MCL cells were treated with DMSO, SGI-1776, bendamustine or simultaneous combination of the two drugs, and Annexin V/PI positivity was measured as described before to measure apoptosis. 16 
Macromolecule synthesis assay
Cells were incubated with [methyl-3 H]-thymidine, [5, H]-uridine or [4, H]-L-leucine (1.0mCi/mL stock, Moravek Biochemicals, Brea, CA) for 45mins of each experiment and then the incorporated radioactivity was measured as previously described to quantitate DNA, RNA and protein synthesis, respectively. 12
Immunostaining of γ-H2AX
Post-treatment MCL cells were washed and incubated for 2hr at room temperature with primary phospho-Histone γ-H2AX (Ser139) antibody (EMD Millipore, Billerica, MA) followed by 1hr incubation with Alexa Fluor mouse IgG secondary antibody (488 goat, Invitrogen Corporation, Carlsbad, CA). Cells then were washed and co-incubated with 10μg/mL propidium iodine solution and 2.5μg/mL of DNAse-free RNAase (Roche Diagnostics, Basel, Switzerland). The cells then were analyzed for florescence signal shift to detect the extent of DNA damage, using a fluorescence-activated cell sorting (FACS) instrument.
Data analysis
All data plots were prepared and analyzed using GraphPad software (GraphPad). Cell line data were performed in triplicates and were shown as mean value ± SEM. DMSO was used as a vehicle control. Fractional analysis was used to determine if the drug combination caused less than, equal to or more than additive effect on inducing of apoptosis (Table 1) . Data points fell into expected results ±20% were categorized into one of these three outcomes. Similar calculation was performed in determining SGI-1776 and bendamustine combination effect on inhibition of DNA, RNA and protein synthesis, as well as increased γ-H2AX phosphorylation in MCL cell lines and B-cell lymphoma primary samples.
Results
Additive cell killing effect observed in B-cell lymphoma cells using SGI-1776 and bendamustine combination treatment MCL cell lines JeKo-1 and Mino and primary B-lymphoma samples were treated with 5μM, 10μM bendamustine, 5μM SGI-1776, or combination of 5μM or 10μM bendamustine with 5μM SGI-1776 for 24hr, and then drug-induced apoptosis level was measured by Annexin V/PI positivity using flow cytometry ( Figure 1 ). Data were represented as drug-induced cell death, where spontaneous cell death from DMSO treatment was subtracted from each drug treatment. In JeKo-1 cells, limited levels (<12%) of apoptosis were detected following 5 or 10μM bendamustine, or 5μM SGI-1776 single agent treatments. However, greater cell death was detected at both 5 and 10μM bendamustine in combination with 5μM SGI-1776 treatments, and there was 18% and 28% cell death measured, respectively. Combinations of SGI-1776 and bendamustine at these concentrations resulted in greater than additive killing (Table 1) . In Mino cells, about 3-5% cell death was detected with 5μM of bendamustine and SGI-1776 single agent treatments for 24hr, whereas 10μM bendamustine resulted in 22% cell death. In combination studies, 13% and 31% of cell death was observed in cells treated by 5 or 10μM bendamustine with 5μM SGI-1776, respectively, which indicates that combination of the two drugs had additive killing effect in Mino (Table 1) .
In primary B-lymphoma samples, heterogeneous results in cell death were observed. In the primary MCL cells, less than 10% cell death was detected when cells were treated with 5 or 10μM of bendamustine alone, while 18% cell death was observed with 5μM of SGI-1776 treatment. Combination of both drugs resulted in 21% cell death (Table 1) . Similar to MCL sample, there was less than 10% cell death observed with bendamustine single agent treatment in the primary splenic marginal zone lymphoma (SMZL) sample, but extensive cell death occurred after treating with 5μM SGI-1776 (>30%). Additive cell killing was observed with combination of bendamustine and SGI-1776 (Table 1) .
Inhibition of DNA synthesis with SGI-1776 and bendamustine as single agents and in combination
In order to determine effect of bendamustine and SGI-1776 combination treatment on DNA synthesis, radioactive thymidine incorporation assays were performed in JeKo-1 cell line to measure active DNA synthesis levels ( Figure 2 ). With 5μM SGI-1776 alone there was 20% reduction of DNA synthesis level compared to DMSO treated control cells, while 40%-65% reduction of DNA synthesis was induced by 5 and 10μM of bendamustine single treatment in 24hr. When used in combination, 5 or 10μM of bendamustine with 5μM SGI-1776 reduced 55% and 71% of DNA synthesis, respectively. These data suggest that bendamustine and SGI-1776 lead to an additive effect in reducing DNA synthesis in JeKo-1 cells.
Inhibition of RNA synthesis with SGI-1776 and bendamustine as single agents and in combination
We performed radioactive uridine incorporation assays to measure the changes in global RNA synthesis levels ( Figure 3 ). In JeKo-1 cells, 24hr of 5 or 10μM bendamustine treatment alone had no or minor changes in cellular RNA synthetic capacity. However, 5μM of SGI-1776 treatment alone resulted in 27% of RNA synthesis reduction. RNA synthesis inhibition elicited by SGI-1776 was maintained when combined with bendamustine.
In primary MCL and SMZL samples, we observed somewhat different effects caused by combination treatment of bendamustine and SGI-1776 in reducing RNA synthesis levels. In MCL cells, 24hr treatment of bendamustine alone did not reduce RNA synthesis levels, while SGI-1776 single treatment lead to 7% decrease in RNA synthesis level compared to control. However, when used in combination, 5 or 10μM bendamustine with 5μM of SGI-1776 lowered RNA synthesis levels by 24% and 40% of control, respectively. On the other hand, in SMZL cells, while 5μM of bendamustine reduced global transcription by less than 10% after 24hr, 10μM bendamustine resulted in a 63% reduction of control. In contrast, SGI-1776 treatment alone did not decrease RNA synthesis. Combination of the two drugs showed additive effect in reducing global transcription levels, causing 4% and 79% less RNA synthesis compared to DMSO treatment. These data showed that combination treatment of SGI-1776 and bendamustine is effective in reducing cellular RNA synthetic capacity in quiescent primary samples and a replicating MCL cell line, JeKo-1, and more prominent effect was observed in primary lymphoma cells.
Effect of SGI-1776 and bendamustine as single agents and in combination on protein synthesis
SGI-1776 is known to inhibit protein synthesis in MCL cell lines and primary cells whereas bendamustine is known to cause DNA damage that leads to disruption of DNA synthesis/ repair and transcription processes. 16, 19, 20 We hypothesize that SGI-1776 will maintain translation-inhibition even when combined with bendamustine. To test this hypothesis, we conducted radioactive leucine incorporation assays to analyze the inhibitory effect of bendamustine and SGI-1776 both as single agents and in combination in MCL cell line (JeKo-1) and primary B-cell lymphoma cells (Figure 4 ).
In JeKo-1 cells, there was 10% or less reduction of protein synthesis following 5 or 10μM bendamustine for 24hr treatment, while 33% reduction was observed in 5μM SGI-1776 treatment. In combination treatment, 28% and 40% less protein synthesis was observed when cells were treated with 5 or 10μM bendamustine combined with 5μM of SGI-1776 for 24hr.
In primary MCL cells, both single agent bendamustine and SGI-1776 lead to extensive inhibition of global protein synthesis. With both 5 or 10μM bendamustine alone or 5μM of SGI-1776 alone, there was 54%, 48% and 58% reduction of global translation compared to control, respectively. In combination treatments, 5 or 10μM bendamustine with 5μM of SGI-1776 lead to 72% and 58% protein synthesis reduction compared to DMSO treated cells. In primary SMZL cells, 5μM of bendamustine or SGI-1776 single agent induced 15% and 11% reduction in protein synthesis levels compared to control, while 10μM bendamustine did not cause such reduction. However, 5 or 10μM bendamustine with 5μM of SGI-1776 combination resulted in 37% and 25% reduction of protein synthesis compared to control, respectively. These data suggest that bendamustine and SGI-1776 alone and in combination were effective in reducing global translation processes in MCL cell line and Bcell lymphoma PBMCs.
Effect of SGI-1776 on bendamustine-induced γ-H2AX formation
To determine whether bendamustine-induced DNA damage response was impacted by addition of SGI-1776, single agent and combination of the two drugs were evaluated in Bcell lymphoma cells. We performed immunostaining on JeKo-1 cells to analyze the change of a DNA damage marker, Histone 2A variant X (H2AX) at Ser139, also known as γ-H2AX. JeKo-1 cells were treated with bendamustine or SGI-1776 as single agents and also in combination for 24hr and γ-H2AX positivity was detected using flow cytometry ( Figure  5 ). Untreated (DMSO only) cells showed low levels of endogenous H2AX phosphorylation (<1%), which was subtracted from the values of drug-treated cells. 5μM of SGI-1776 induced limited level of DNA damage, only about 3%. As expected from its mechanism, bendamustine as single agent was very effective in increasing γ-H2AX level, where 14% and 49% positivity for γ-H2AX was detected when cells were treated with 5 and 10μM of bendamustine, respectively. When used in combination, 5 or 10μM bendamustine with 5μM SGI-1776 lead to 13% and 38% γ-H2AX positivity, respectively. These results showed that SGI-1776 did not significantly impact bendamustine-induced γ-H2AX formation.
Discussion
Bendamustine is an approved agent for B-cell malignancies including MCL. 20 Mechanistically, bendamustine is known to cause intra-and inter-strand DNA crosslinks that initiates a DNA damage response. 21, 27 Repair of this damage leads to recovery and survival of cells, and hence a strategy to overcome this may be to combine bendamustine with agents that damage the cellular repair capacities. 19 SGI-1776 is an experimental therapeutic agent that inhibits all three Pim kinase family proteins. 12 Pim kinases have several substrates and modulate multiple pathways, 1,2 however, in MCL, transcription and translation appear to be primary axes affected by SGI-1776. 16 While molecular mechanisms were not tested, in this short study, we evaluated cellular mechanisms based on actions of both drugs as described above. It has been established that SGI-1776 downregulates transcription processes, by inhibiting c-Myc-driven transcription machinery while bendamustine disrupts DNA replication and repair. 16, 18 In MCL cell line and primary cells, SGI-1776 alone resulted in significant decrease in global RNA synthesis, while bendamustine showed little or no effect (Figure 3) . The differential outcomes with patient samples may be due to patient heterogeneity, but the results from both cell line and primary cells indicated that combination of SGI-1776 and bendamustine was effective in reducing global RNA synthesis. The effect in decreasing transcription was more pronounced in primary cells compared to MCL cell line, JeKo-1 (Figure 3 ). This may be due to the difference that primary cells from patients are non-dividing versus JeKo-1 cell line that is highly proliferative. Additionally, molecular signatures of MCL, such as p53 and ATM status that affect Pim kinase inhibition or DNA damage response may be responsible for this variations. 28 This needs to be explored in larger number of primary samples and cell lines.
Our previous study demonstrated that SGI-1776 inhibit cap-dependent translation process mediated by decreasing of 4E-BP1 phosphorylation at Thr37/46 in MCL cells. 16 Consistent with this finding, we observed that 5μM of SGI-1776 treatment for 24hr effectively reduced the protein synthesis (Figure 4 ). This effect was also observed in MCL primary sample (60% decrease), and to a lesser extent in SMZL primary sample (10% reduction). These results suggest that SGI-1776 is effective in decreasing translation processes in B-cell lymphoma. With regards to effects on protein translation, bendamustine on the other hand, showed differential responses in these B-cell lymphoma models with 10%, 50% and 15% decrease in JeKo-1 cell line, MCL and SMZL primary cells, respectively (Figure 4) . Bendamustine is not known to inhibit protein translation directly, and hence the observed decline may be a secondary effect following disruption of global RNA synthesis or DNA damage response (Figures 2, 3 and 5 ). This observation is intriguing and it is worth further investigation and could be used in biomarker studies. Combination treatment with SGI-1776 and bendamustine also showed differential responses in inhibition of global protein synthesis (Figure 4) . Heterogeneity among patient samples is a likely reason for such variable results, however, in all of these B-cell lymphoma models, especially in primary cells, combination of SGI-1776 with bendamustine leads to greater inhibition of the global protein synthesis compared to single agent treatments.
Bendamustine is known to cause intra-and inter-strand DNA crosslinks, and γ-H2AX phosphorylation, a known marker for DNA double-stranded breaks, is associated with interstrand crosslinks. 18, 20 γ-H2AX is important for recruiting and gathering DNA repair proteins along with cell cycle checkpoint proteins to the DNA double-stranded break sites, and can be detected using immunostaining and analyzed by flow cytometry. 29, 30 Our investigation demonstrated that bendamustine was indeed effective in decreasing total DNA synthesis ( Figure 2 ) while increasing γ-H2AX levels in JeKo-1 cells when treated with the drug for 24hr ( Figure 5 ). Compared to bendamustine, SGI-1776 had limited or no effect on DNA synthesis and γ-H2AX phosphorylation induction (Figures 2, 5 ). These results were expected, as Pim kinase substrates are mainly in transcription and translation regulation pathways, which occur downstream of DNA synthesis/repair. 1, 16 Interestingly, combination of SGI-1776 and bendamustine showed additive effect in blocking global DNA synthesis in JeKo-1 (Figure 2 ) without increasing bendamustine induced-γ-H2AX phosphorylation ( Figure 5 ). Molecular markers related to DNA damage and repair, such as ATM, p53, aurora kinases, along with cell cycle checkpoint proteins may be relevant clinical markers to study Pim kinase inhibitor combination with bendamustine. 21, 27 Our study has demonstrated that Pim kinase inhibitor, SGI-1776, and bendamustine are effective in B-cell lymphoma both as single agent treatments and as combination therapy. SGI-1776 as a single agent was effective in inhibiting global RNA and protein synthesis in MCL cell line and B-cell lymphoma primary samples, which is consistent to our previous findings. 16 Bendamustine as a single agent was more effective in reducing global DNA synthesis and inducing γ-H2AX phosphorylation in MCL cell line, JeKo-1 (Figures 2, 5) . These results of single agent treatments of the two drugs are consistent with other published reports, that SGI-1776 primarily targets transcription and translation pathways, whereas bendamustine directly acts on DNA and disrupt DNA replication, repair and transcription processes. 16, 18, 20 Comparable results in cell killing were observed in both MCL cell lines and B-cell lymphoma primary cells when treated with combination of bendamustine and SGI-1776, and in both models, this combination showed additive effects in apoptosis induction (Figure 1 ).
Our investigation with SGI-1776 and bendamustine serves as a proof-of-concept study since SGI-1776 will not be pursued further in the clinic due to toxicity concerns. 31 However, such combinations of Pim kinase inhibitor with bendamustine is feasible since quite a few Pim kinase inhibitors are currently studied by both academic labs and pharmaceutical industries in preclinical and clinical settings, including SMI 4a (University of South Carolina), AZD-1208 (AstraZeneca plc), and GNE-652(Genentech, Inc.) and more. [32] [33] [34] [35] [36] 
Conclusion
Our study was the first to use Pim kinase inhibitor, SGI-1776, and bendamustine both as single agents and in combination in B-cell lymphoma cells, and showed effective cellular response in respect of inducing apoptosis, inhibiting DNA, RNA and protein synthesis while promoting DNA damage response. As a single agent, SG-1776 was effective in inhibiting global RNA and protein synthesis while bendamustine effectively reduced global DNA synthesis and induced γ-H2AX expression; both were consistent and in complement with published reports. When used in combination, additive effect in cell killing was observed in JeKo-1 and Mino MCL cell lines, and in MCL, SMZL primary cells, while augmented effects were observed in total DNA, RNA and protein synthesis inhibitions compared to single agent treatments in these models.
Results from our investigation with SGI-1776 and bendamustine function as a proof-ofconcept study and suggest feasibility of applying Pim kinase inhibitors with traditional DNA-damaging chemotherapeutic agents. New second-generation Pim kinase inhibitors are currently being developed and tested, and further investigation in combination with chemotherapeutic agents used in the clinic may yield optimum treatment strategies for hardto-treat lymphomas. In addition, our study provides the foundation for future biomarker studies that can be evaluated in larger sample sets to validate the molecular pathways involved in similar treatment methods. Cells from (A) JeKo-1 cell line, or primary (B) MCL and (C) SMZL samples were treated with DMSO alone, or 5μM, 10μM bendamustine, 5μM SGI-1776, or 5μM, 10μM bendamustine combined with 5μM SGI-1776 for 24hr, then cells were incubated with [4, H]-L-leucine at 0.8μCi/mL concentration for 45min. Radioactive incorporation was then measured by scintillation count and values were recorded as DPM/cell and normalized to DMSO control. Experiments in JeKo-1 were performed in triplicate and presented as mean ± SEM. (A) MCL cell line JeKo-1 were treated with DMSO, or 5μM, 10μM bendamustine, 5μM SGI-1776, or 5μM, 10μM bendamustine combined with 5μM SGI-1776 for 24hr, then cells were collected and incubated with 0.5% goat serum for 1hr, and then probed with primary phospho-Histone γ-H2AX (Ser139) antibody (1:500) following by 1hr incubation with Alexa Fluor mouse IgG secondary antibody (1:200). Then cells were washed and incubated with 10μg/mL propidium iodine solution and 2.5μg/mL of DNAse-free RNAase. Then the cells were analyzed for shift of florescence signal to detect the degree of DNA damage, using flow cytometry. Fluorescent positive cells were presented as percent positive for γ-H2AX, and endogenous H2AX phosphorylation from DMSO treatment was subtracted from results of each drug treatment in this figure. Experiments were performed in triplicate and presented as mean ± SEM. 
